The requirements for the satisfactory analysis of calcium in serum or plasma are probably more stringent than for any other substance regularly measured. There are three main reasons for this:-1. The normal range is narrow: there is fairly general agreement on a range close to 8.9-10.3 mg/loo ml, although small differences may be caused by different methods of analysis or sample preparation (see Table 1 ). It has been suggested that analytical error should not exceed 45 % (Gowenlock, 1969) or 20-33 % (Zwart Voorspuij and van der Slik,1964) of the standard deviation of the biological variation. On this basis, the standard deviation for analytical error should be not more than 0.1-0.15 mg/loo m!.
2. Deviations as little as 2-5 % above the normal range may be all that occur in hyperparathyroidism (Pyrah et al., 1966) and if this diagnosis is not to be missed in its early stages, the analyst must be confident that such differences can be measured reliably. 3. In many patients, a definite clinical diagnosis is difficult or impossible, and serious forms of treatment, such as surgical exploration of the neck, may depend primarily on the measurement of plasma calcium. Fortunately several good methods for measuring calcium in plasma have been described but none is ideal or has yet established itself as the reference method.
Pre-analytical factors
Whilst much attention has been directed at Paper read at National Meeting. London, January, 1970 precision and improved quality control, essential pre-analytical factors have received less publicity. Blood should be taken after an overnight fast; a rise in plasma calcium concentration of 0.3 mg/loo rnl or more may result if blood is taken without this (Peacock and Nordin, 1969) . Venous stasis is a well recognised source of error, and can cause a spurious rise in total calcium concentration of up to 1 mg/loo ml or even more (Dent, 1962; Gerbrandy et al., 1960) . Posture is a neglected factor. Changing from the lying to standing position causes haemoconcentration, with a rise in plasma calcium concentration of up to 1.3 mg/loo rnl (Smeenk et al., 1969; Stoker and Wynn, 1966) . Most normal ranges are based on ambulant subjects; the postural effect must be remembered when tests are done on patients in bed and it is possible that neglect of this factor explains some of the reported cases of intermittent hypercalcaemia in hyperparathyroidism.
For total calcium, serum and heparinised plasma may be used interchangeably, though for ionised calcium heparin interferes by binding calcium. Contaminated glass tubes, or corks are a potential source of error. Prolonged contact between red cells and plasma is reported to reduce the plasma calcium concentration (Henry, 1964) . Attention must be paid to storage; if the sample is small, evaporation of even a few microlitres should be avoided and although calcium appears to be quite stable in serum, some may precipitate from plasma in a day or two.
These pre-analytical factors are stressed because individually or collectively, they may cause large errors, and a good quality control system does not protect against them. Bold, Hurst, and McSwiney (1965) Flame emission photometry 100 9.3 ±0.7 Glatz and Rose (1968) EDTA titration 385 9.6 ± 0.7 Johnson and Ricchman (1968) Atomic absorption flame photometry 304 9.56 ± 0.74 Lewin, Wills, and Baron (1969) Fluorimetry 100 9.67 ± 0.70 Pybus (1968) Atomic absorption flame photometry 60 9.8 ±0.5 Robertson and Peacock (1968) AutoAnalyzcr 47 9.58 ± 0.58 131 Table 2 lists some of the desirable and ideal requirements for a method for measuring calcium. Precision and accuracy are of the first importance and precision may be improved by performing all analyses for calcium in duplicate. Sample volume is not important for adults, but for children, especially neonates, a micro method is essential. Requirements for the rate of analysis vary, but calcium is one of the most useful parameters in screening programmes and demand for its measurement is bound to increase. The method should preferably be easy to perform, and be rapid enough for urgent work. It is highly desirable that the method should be suitable for analysing calcium in urine, and possibly in food and faeces also. In budget conscious days, there are obvious disadvantages in methods using expensive equipment.
Six methods, atomic absorption flame photometry, AutoAnalyzcr using cresol-phthalein complexone, EDTA titration, high temperature emission flame photometry, fluorimetry using calceine, and a spectrophotometric method using glyoxal bis (2-hydroxy anil) (GBHA), will be compared. All exist in varying published versions, a selection of which are included in the bibliography (Farese et al., 1967; Gitelman, 1967; Rudolph et al., 1967 and other papers referred to below).
Precision. Table 3 lists the precision reported for these methods. The trouble with comparisons of precision is that different methods are used for assessing it. The main methods are repeated analysis in one batch, the differences between duplicates, and variation with repeated daily analysis. The first is most flattering, the other two more realistic, though it should be remembered, as cynical people who do not trust human nature have shown, that the coefficient of variation is much less when the analyst knows which samples are which than when analyses are done 'blind' (Trudeau and Freier, 1967) . It is clear from Table 3 that those methods tested by replicate analysis seem to do best. In my experience, probably the most precise method is EDTA titration with a photometric end point, but unless mechanised, as described e.g, by Glatz and Rose (1968) it is fatiguing and large batches could easily have the poorest precision. However, all the methods should be capable of achieving a coefficient of variation for 'between batch' analysis of 2% or less. Accuracy. Table 4 summarises factors reported to interfere with these methods. In the best published versions significant error only occurs with abnormally high concentrations of the interfering substances. Unfortunately most published methods have not been exhaustively tested. Most authors use as reference the oxalate method (Clark and Collip, 1925 ) whose inaccuracies were pinpointed some years ago by Professor MacIntyre (l957) and consider that recovery experiments and testing the effect of adding various chemicals to standard solutions of calcium is sufficient. This means taking a lot on trust. For example, almost every patient these days is on one or frequently several drugs. Virtually no tests on drug interference have been carried out to my knowledge, even in the fluorometric and colorimetric methods which might be expected to be most sensitive to this. It is necessary for each laboratory to test at least the main interfering factors on their own apparatus, since there is considerable difference between instruments. This is underlined by the recent observation by Hall (1969) that magnesium interferance is eliminated in the cresol phthalein complexone method if the filter used has maximum transmission at 580 nm. But filters, although marked 580 nm, can have maximum transmission either below this, when magnesium reads as apparent calcium, or above, when Mg actually reduces the apparent calcium concentration.
Sample volume. Fluorimetry is perhaps the most sensitive method, though published micro-versions exist for atomic absorption, EDTA and GBHA methods (Rodgerson and Moran, 1968; Reinouts van Haga, 1966; Mager and Farese, 1966) permitting analysis on 20 iLl. The cresol-phthalein and flame emission methods normally require at least 100 iLl.
Rate ofanalysis. There is little to choose between these methods in rate of analysis. For manual techniques, authors do not usually state how long a batch of analyses takes, but probably by all these methods at least 20-30 samples an hour may be analysed.
Ease of operation. This aspect is scarcely mentioned in published accounts. Some methods are notoriously temperamental, though superb on good days. I have no personal experience of fluorimetry; of the other methods, atomic absorption and flame emission may suffer from instrumental drift and burner clogging, particularly in the mechanised versions, unless protein is removed. The cresol-phthalein method requires more fastidious care than most AutoAnalyzer methods to reduce baseline noise and drift. The EDTA and GBHA methods seem less temperamental.
Emergency work. There is increasing stress on There must be few occasions when a plasma calcium analysis is required in a great hurry and all these methods should permit analysis within 30 min. or so from scratch. Versatility. It is obviously desirable that the method for plasma calcium should be suitable for the analysis of urine. At present, only the atomic absorption, cresol-phthalein and flame emission methods can readily be used for urine, though it is possible to use EDTA titration after separation of calcium or ashing. The importance attached to measuring urine calcium will vary with individual circumstances: since there are good methods for both plasma and urine, in my view a method not suitable for urine must be rejected.
Conclusions. The cresol-phthalein complexone method is the best compromise available. It is quick, reasonably accurate and precise, and suitable for urine. The only snags are a rather high baseline and insufficient sensitivity for micro-quantities of plasma. Atomic absorption and flame emission require expensive equipment, though this may be justified by other uses. In my experience they can be temperamental, though 'when they are good, they are very, very good'. The other methods are not suitable for urine calcium. Future published methods, and modifications to existing methods, should be more rigorously tested, including possible interference by drugs and ideally should be compared with two other methods using different analytical principles.
Calcium fractions
A variety of techniques have been devised for measuring the fractions of calcium in plasma, especially the diffusible fraction which consists of ionised and complexed calcium. The most popular methods have employed pressure filtration or centrifugation through cellophane or collodion membranes to produce a protein-free filtrate. Recently a new approach has been tried, utilising the property of coated charcoal to separate large from small molecules (Briscoe and Ragan, 1967) . Normal ranges vary widely and there is much less agreement than for different methods of measuring total calcium concentration ( Table 5 ). One of the most carefully controlled methods has been described by Robertson and Peacock (1968) using a motor driven syringe to press serum through a cellophane membrane. Great care was taken to avoid possible contamination and to control conditions such as pH and temperature. Their Breen and Freeman (1961) 5.3 5.0--5.6 Munday and Mahy (1964) 5.4 5.0--5.8 Bold (1970) 5.6 5.3--6.0 Nordin and Smith (1965) 5.7 5.0--6.3 Robertson and Peacock 5.7 5.2--6.1 (1968) Hodgkinson and Edwards 6.1 5.3--6.9 (1963) Toribara et al. (1957) 6.7 6.2-7.2 method is precise and gives a normal range of 5.2-6.1 mg/l00 ml. All these methods are rather slow and require great attention to detail to get consistent results. I have described a system which is easy and rapid and capable of being used routinely (Bold, 1970) . The Technicon continuous flow system is used with dialysis through a specially constructed minidialyser which limits dialysis to 2.2 % to reduce the risk of disturbing the composition and equilibrium of the plasma. The dialysed calcium is measured by a flame photometer with a recorder. Forty analyses may be performed per hour, each requiring 2 ml plasma. The coefficient of variation for 100 plasmas analysed in duplicate in different batches was 1.6 %. The normal range in 70 subjects, 5.3-6.0 mg/l00 ml, is similar to that found by Robertson and Peacock by their more rigorously controlled technique.
Ionised calcium
There has been considerable interest recently in the measurement of ionic calcium in serum by the use of a calcium selective electrode developed by Orion Research Inc. This employs a water-immiscible liquid-ion exchanger highly specific for calcium ions. This solution is separated from the sample by an inert, porous membrane disc. The internal surface of the membrane contacts a calcium chloride solution. Calcium ions from the sample equilibrate with the liquid ion exchanger. The potential difference between the ion exchanger and the reference solution is measured and changes with the calcium activity of the sample. The electrode is calibrated by using standard calcium solutions containing sodium in appropriate concentrations. The electrode has a selectivity for calcium compared with other divalent cations of 50 or more, and of 1,000 for sodium and potassium. Reported measurements by this method both directly on serum or on serum ultra-filtrates give normal values for ionised calcium of around 5 mg/l00 ml, or about 50% of the total, some 5-10% less than the diffusible fraction (Arnold et al., 1968; Oreskes et al., 1968) .
The measurement of ionic calcium has several theoretical advantages:
1. It is a direct measurement of the biologically important variable, and is not affected by such factors as plasma albumin concentration. 2. Although a rather specialised situation, it would be of great use where very large amounts of blood are transfused. Here the large amounts of infused citrate or EDTA make total calcium difficult to interpret. 3. Ionised calcium concentration may be better than total calcium concentration for the early diagnosis of hyperparathyroidism. This remains to be proved, but the hope is reasonable. Unfortunately there are some snags. Although several workers have reported how easy the method is, working directly with serum, others have found satisfactory results only after ultrafiltration (Robertson, 1969) . Also the precision for serum is poor, with a standard deviation of around 0.5 mg/l00 ml compared with the figure of 0.11 obtained by Robertson for ionic calcium concentration in ultrafiltrates. The sensitivity is barely adequate, the minimum detectable calcium activity difference being about 0.2-0.3 mg/l00 ml. The calcium electrode promises to be an interesting and important tool of the future, but until some of the technical problems have been mastered it should not replace the measurement of total calcium.
